Photolysis of carbon monoxide and oxygen derivatives of hemoglobin by a short laser pulse produces a transient species that rapidly decays to normal deoxyhemoglobin. The effect, which is also observed on single chain proteins and on noncooperative aggregated forms, has been interpreted as corresponding to structural changes in the heme pocket on ligand dissociation. The decay of the transient species follows first-order kinetics with constants ranging from 0.8 to 1.8 X 107 sec-'. In cooperative hemoglobins, the kinetic constants are pHdependent, though remaining first-or pseudo first-order at all wavelengths. This shows the close linkage of tertiary and quaternary structure changes in normal hemoglobin.
The well-known property of the carbon monoxide derivative of hemoglobin, its dissociation by light (1) , has been put to use in many elegant researches. A number of studies have been performed under steady-state conditions, and information obtained therefrom has been recorded and analyzed (2) (3) (4) (5) . A new line of investigation initiated by Gibson (6) uses the light energy as a preparative tool for the rapid production of free hemoglobin from the liganded state. However, in this and subsequent work involving the use of a flash, attention has invariably been directed towards measuring the recombination of free CO with the totally or partially photolyzed protein.
The present work describes experiments in which a short laser pulse was used to produce total or partial photolysis, and the protein thus produced was observed spectrally prior to the occurrence of any noticeable recombination with ligand. A transient spectral change recorded during the first 100 nsec after the extinction of the light pulse has been interpreted by us, in a preliminary communication (7) , as Preparation of Materials. All the native proteins, including the a and 13 chains of Hb A, were isolated in the pure form by standard chromatographic procedures. The bis(Nmaleimidomethyl)ether derivative of human hemoglobin (HbBME) was prepared and isolated (8) ; oxygen binding experiments performed on the purified material showed the absence of cooperativity (Hill interaction coefficient n = 1.08) as well as of significant Bohr effect (A log P,5/A pH = 0.15 between pH 7 and 8, where P5o is the partial pressure of 02 at 50% saturation of Hb).
The various protein preparations were rendered salt-free by dialysis against water and dissolved in KH2PO4-Na2HPO4 buffers for solutions of pH lower than 8 and in borate buffer for those of higher pH. The concentrations of all buffer salts were so adjusted as to give a constant ionic strength (I = 0.2) irrespective of pH and temperature. The protein concentration was 65-95 MM, calculated on the basis of heme.
Measurements. Excitation light was obtained by second harmonic generation (529 nm) of the output from a Q-switched Nd glass laser (Compagnie Generale d'Electricit4, type VD 230). The energy of the second harmonic was 0.01-1 J in the present study; the pulse halfwidth was 30 nsec. A calibrated vacuum photodiode receiving a small fraction of the 529-nm light was used to measure the laser energy. For spectrophotometry the solution was contained in a silica cell with polished sides of cross section 1 X 10 mm or 5 X 10 mm. A device for degassing of the solution and saturation by CO or 02 at 1 atm was sealed directly to the cell. A given solution was used for not more than three laser pulses; a special device was applied to siphon off the used solution from the cuvette and Fig. 1 shows oscilloscope traces representing transient transmittance changes during the first 300 nsec after the laser pulse in typical photolysis experiments. It is seen that for hemoglobin the transmittance change is partially reversed within a time of approximately 100 nsec. The reversal is small for sperm-whale myoglobin and undetectable for horse myoglobin. The absorption spectrum of the product of photolysis for each sample at the end of the observation period (300 nsec) could be determined from such measurements performed at different wavelengths. The use of the laser beam at its full intensity on carboxyheme, and on the carbonmonoxide derivatives of different hemoglobin derivatives (Hb, a, (, HbBME) yielded spectra corresponding to that of totally ligand-free ferroheme or hemoprotein; by lowering the laser light intensity, it was possible to study photodissociation levels down to 2%. In the case of HbO2, the photolysis was carried to not more than 30%; above this level secondary effects were found to appear. The rapidly decaying part of the oscilloscope traces ( Fig. 1) show that a short-lived transient species precedes the formation of the totally or partially ligand-free hemoglobin. Since this species was never observed for proteins unaffected by light (deoxyhemoglobin, ferrihemoglobin), or for free carboxyheme, we have interpreted the transient kinetics as being that of protein structural changes after the sudden departure of ligand. It was established in separate runs that the measured effects were not due to the slight temperature rise produced by the laser pulse. The results obtained with the myoglobins will be discussed later (see Discussion).
The change from the initial transitory state to the stationary level follows first-order kinetics (9) for all hemoproteins studied at different pH values and temperatures (Fig.  2) . The values of the first-order constants obtained for a number of normal hemoglobins are reported in Table 1 . 25. The relevance of the state of aggregation of the protein was studied by using several single-chain hemoproteins, namely horse and sperm whale myoglobin, and isolated human Hb a chains. While the a chains gave an effect of normal amplitude, comparable to that of human deoxyhemoglobin, that of sperm-whale myoglobin was, as said earlier, much reduced; however, this small effect could be sufficiently amplified on the oscilloscope to yield kinetic constants. The values of the kinetic constants for the single-chain proteins were independent of pH between 5.5 and 9.5 and of temperature between 5°and 250 (Table 2) .
Amongst the tetrameric proteins studied, some were chosen so as to enable useful correlations with known facts about quaternary structural change on ligand binding to be made. Thus Hb f3, a tetramer, does not display cooperative effects or structural changes on ligand binding or dissociation; this is also the case with HbBME (10) . Partially photolyzed HbCO has been presumed to be rich in such a species (6) ; the relative population of a tetrameric hemoglobin having lost only one CO is enhanced by lowering the level of photolysis. Kinetics of CO binding by this particular form (Hb4L3, where L is ligand) lead support to the idea that no quaternary changes are involved in its formation from or in its conversion to HbCO. Table 3 reports the kinetic constants of the rapid spectral change obtained with such species. These values were not affected bv a change of pH or temperature.
Some of the kinetic parameters for different hemoproteins are summarized in Fig. 3 region. The absorption maximum seems to be not far from that of deoxyhemoglobin (430 nm), but the band is definitely sharpened compared to that of the stable deoxy forms; the absorbance is higher at 430 nm but lower at both shorter and longer wavelengths. In the present state of our knowledge on the spectral transitions of hemoglobin derivatives, an unambiguous description of the structure would have been hard to arrive at from the optical spectra even if the latter were known with more precision. Nevertheless it is clear from numerous experiments that the rapid spectral change corresponds to the decay of a protein structure, whatever it may be, towards that of stable deoxyhemoprotein. Possible interference from a photoexcited state, orientation relaxation of the protein, or laser artefact have been ruled out by appropriate experiments (7).
Recent high resolution x-ray crystallographic work on deoxy-and oxyhemoglobin has revealed structural differences both at tertiary and quaternary levels (11); of particular interest are changes in the heme pocket that concern the inclination of the porphyrin plane relative to crystal axes as well as the position of the iron atom relative to the porphyrin. Both of these events are known to be associated with the change of spin state of the iron in going over from S = 0 in carboxy to S = 2 in the deoxy form. The rapid removal of CO or 02 from the liganded hemoprotein producing this spin change should obviously create a situation where the geometry of the heme pocket conforming to zero-spin iron is destabilized; this should set forth a structural change tending to create a new geometry consistent with the new spin state. It is difficult to predict the exact nature and amplitude of spectral changes that may arise from the movement of the ferrous iron out of the heme or on tilting the porphyrin plane. However, the overall effect of these movements is most likely to produce a change of heme spectrum. The part played by either of these events in producing the spectral change cannot be ascertained at present, but we are inclined to believe that the heme tilt may be the major cause of optical change recorded in this work. In fact, no transient form of free ferroheme was observed when carboxyheme was photolyzed; though direct information is not available for ferroheme, it may be supposed by analogy with other compounds (12) that the change of iron spin in this compound also involves a movement of the iron relative to the porphyrin. On the other hand, all proteins undergoing photolysis (with exception of horse myoglobin) showed the transient species, but the optical density changes measured during decay were different, in the order HbBME > Hb > a > a > Mbsperm whale. Some of these compounds have recently been studied by Makinen and Eaton (13), who recorded anisotropic absorption of plane polarized light by single crystals. The polarization ratio in the Soret region, shown to be a sensitive monitor of heme orientation, was found to change from oxy-or met-to deoxyhemoglobin, but to various amplitudes in the case of different proteins, showing that the departure of ligand may cause various changes of heme inclination, depending on protein structure. It is remarkable that the amplitudes of optical density change recorded in our experiments on different proteins are almost in the same order as that of the polarization ratio reported by the above authors. Moreover, our inability to observe a transient species in myoglobins, particularly in horse myoglobin, parallels the polarization results on the same compounds, which show little or no change of polarization ratio between high-and low-spin derivatives (14) . The various arguments summarized above appear to confirm the view that the kinetics of the spectral change discussed in this paper correspond indeed to the kinetics of restructuring of the heme pocket on ligand removal.
Tertiary and Quaternary Structures. In normal hemoglobins, structural changes in going from the liganded to the free state involve the heme pocket as well as the quaternary structure; in some derivatives (HbBME, , chain, Hb4L3) tertiary changes can take place without sensibly affecting the quaternary structure. One of the interesting findings of this work is that all the kinetics measured are homogeneous and of first order; while the kinetics obtained with the latter class of compounds are independent of pH and temperature within reasonable limits, those measured with all normal hemoglobins depend on these parameters.
In the case of tetrameric HbBME and ,B chain subjected to total photolysis, the decay of the transient structure to the stable deoxy structure should in principle involve four superimposed relaxations corresponding to the four sites. However to a single relaxation process desoribed by one kinetic constant (Table 3 ). This implies that the relaxations are either independent with equal or nearly equal half-times or that they are somehow concerted. The latter hypothesis is somewhat improbable in view of the absence of cooperative interactions in these proteins. Significant coupling is, however, clearly manifest in the case of all normal hemoglobins studied. The effect of pH is a case in point. The first-order rate constants have maximum values at pH about 6.5 (6.4-6.6), while values lower by as much as 60-100% may be observed in acid and alkaline solutions (Fig. 3, top) . These diagrams have some analogy with typical Bohr effect curves (15) and show the participation of ionization-linked processes. Structural changes localized in the heme pocket itself cannot account for this linkage, as shown by the absence of pH effect on the kinetics of a chain, , chain, and HbBME (Fig. 3, bottom) . It is obvious that quaternary structure changes do set in almost simultaneously with the tertiary; indeed it is well established that the former are H+-ion-linked (15, 11) . One may ask whether the tertiary structure change is the primary event, setting in motion the overall change of quaternary structure, and if the two processes should be considered as distinct, each described by its own kinetic parameters. In view of our data, we are inclined to believe that the two processes are closely interrelated; in fact, the proton-linked process for hemoglobin is faster than the proton-independent ones for the isolated chains. The quaternary structure change, which is undoubtedly triggered by the events in the heme pocket(s), is not only as fast as the latter, but appears, in addition, under optimum conditions, to accelerate them. It may be pointed out that the results reported above do not by themselves bring information on quaternary structure changes; they are perceived through their expression in the heme-globin interaction and to the extent they are H+-ion-linked. From this point of view, conformational changes at different levels cannot be distinguished. In the case of normal hemoglobins, which suffer both tertiary and quaternary structure changes, a significant disjunction of the two processes would lead to inhomogeneous kinetic curves and possibly produce a wavelength dependence. Careful analysis of the results has however, failed to reveal such divergences.
A reference should be made at this point to a quickly reacting hemoglobin, Hb*, produced upon photolysis of HbCO, as discovered by Gibson (16) . The quickly reacting species observed at pH 7 in dilute solution has been shown (17, 18) to be none other than a non-cooperative quickly reacting dimer; its decay results from the formation of slowly reacting cooperative tetramer through subunit association and associated quaternary structure adjustments. We like to stress that the experiments described here represent an entirely new and different phenomenon in that they refer primarily to tertiary changes, though these are the precursors of quaternary changes when they are allowed.
As reported in the Results section, the first-order rate constant for Hb4L3 [i.e., the predominant population of weakly photolyzed (5-8%) HbCO or HbO2J was found to be independent of pH. An effect of pH became perceptible in solutions where the level of photolyzed sites reached 15%. If one assumes equal probability of photodissociation of different sites (6) , such a solution should contain a population careful analysis of the kinetic curves shows them to conform Proc. Nat. Acad. Sci. USA 71 (1974) of 77% Hb4(CO)3,20% Hb4(CO)2,2.3% Hb4(CO), and 0.3% Hb4. Due to the relatively low level of photolysis, only a very qualitative: estimate of the pH dependence of the rate constant could be made. The pH effect is small but significant and suggests Hb4(CO)2 as a likely candidate for the molecular species involved. Assuming the validity of underlying assumptions made in such estimates, one is inclined to believe that the dissociation of two ligands from the tetramer would be sufficient to produce a quaternary structure change. The problem of identifying the threshold of saturation at which the quaternary structure change takes place is still debated (11, 19, 20, 24) ; while not claiming to provide an unambiguous answer, we suggest the above as being an indication coming from an altogether new approach.
Activation Energy. A 200 temperature difference was found to have no or little effect on the rate of tertiary structure change for HbBME, whereas, in the case of cooperative proteins, the rates were significantly different. Activation energies, listed in Table 4 , corresponding to the quaternary structure change are rather small, and it is difficult to find arguments why they should or should not be so. Ligand binding reactions by hemoglobin are known to have higher activation energies, but they are bimolecular processes. Analogy with protein denaturations, some of which are known to have high activation energies (21) would seem far-fetched; in the latter, high values, when they occur, are consistent with the stability of the active native structure and are therefore functionally useful; in the case of hemoglobin, rapid quaternary structural changes are an integral part of the functional mechanism, and high energy barriers existing between the ligand-binding or dissociation step and the structural change would have been disadvantageous for the function. As the results stand, the activation barrier for the structure changes in the heme pocket is of the order of kT (Boltzmann constant temperature, OK) that for the change at quaternary is only a little higher.
The relatively high rate for the quaternary structural change is of unmistakable physiological importance. The hemoglobin molecule would not have acquired so high a level of organization if these structural changes did not take place faster than its reaction with the natural substrate, oxygen. That this is so, had, already, become apparent from previous studies (22, 23) , which showed the difficulty of estimating the rate of structural transitions from ligand-binding experiments.
